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Amazon basin and its effect on biogeography remain debated due to the scarcity of suitable high-
resolution paleoclimate records. Here, we use the isotopic composition (8D and §'3C) of plant-waxes from
a high-resolution marine sediment core collected offshore the Amazon River to reconstruct the climate

Editor: H. Stoll and vegetation history of the integrated lowland Amazon basin for the period from 50,000 to 12,800 yr

Keywords: before present. Our results show that §D values from the Last Glacial Maximum were more enriched than

Amazon those from Marine Isotope Stage (MIS) 3 and the present-day. We interpret this trend to reflect long-term

rainforest changes in precipitation and atmospheric circulation, with overall drier conditions during the Last Glacial

paleoclimate Maximum. Our results thus suggest a dominant glacial forcing of the climate in lowland Amazonia. In

Eted_l’leis?cene addition to previously suggested thermodynamic mechanisms of precipitation change, which are directly
1odiversity

related to temperature, we conclude that changes in atmospheric circulation are crucial to explain the
temporal evolution of Amazonian rainfall variations, as demonstrated in climate model experiments.
Our vegetation reconstruction based on §'3C values shows that the Amazon rainforest was affected by
intrusions of savannah or more open vegetation types in its northern sector during Heinrich Stadials,
while it was resilient to glacial drying. This suggests that biogeographic patterns in tropical South
America were affected by Heinrich Stadials in addition to glacial-interglacial climate variability.

© 2017 Elsevier B.V. All rights reserved.

long-chain n-alkanes

1. Introduction used to study the impact of large global temperature and sea
level variations, millennial-scale variability such as Heinrich Sta-
Lowland Amazonia is covered by the largest and most bio- dials (HS) can be used to determine the impacts of variations in

diverse rainforest on Earth and is one of the major centers of  ocean circulation and shifts in the meridional position of the trop-
tropical deep convection (Fig. 1) (Olson et al., 2001; Werth and ical rain belt.

Avissar, 2002). Hence, environmental changes in lowland Amazo- Due to the scarcity of high-resolution climate records, there
nia have major implications for the global carbon and hydrologic  are conflicting scenarios regarding the late Pleistocene vegetation
cycles (Brienen et al, 2015; Werth and Avissar, 2002). To pre- and climate history of lowland Amazonia (Cheng et al., 2013;

dict the potential response of Amazonian vegetation and precip- Colinvaux et al., 1996; D’Apolito et al., 2013; Haffer, 1969; Kanner
itation to future global climate shifts, a firm comprehension of et al, 2012; Mosblech et al, 2012; Wang et al, 2017). Early

past variability is critical. Especially the responses of Amazonian
environmental conditions to Pleistocene glaciations, characterized
by large changes in atmospheric greenhouse gas concentrations,
and to abrupt shifts in the North Atlantic and global climate,
are of great interest (Cheng et al, 2013; Kanner et al, 2012;
Wang et al,, 2017). While glacial-interglacial variability can be

studies based on biogeographic observations proposed that sa-
vannah expansion during glacial periods led to the formation of
isolated forest refugia, where speciation took place (“refugia hy-
pothesis”) (Haffer, 1969). This scenario was initially supported
by lacustrine pollen records from the fringes of the Amazon
basin (Absy, 1991). However, first records from the interior of
the Amazon basin (Hill of Six Lakes, Fig. 1) and marine sediment
* Corresponding author. cores from the Amazon fan indicated that the Amazon rainforest

E-mail address: chaeggi@marum.de (C. Haggi). persisted through colder and potentially drier conditions during
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Fig. 1. Map of the Amazon basin and the adjacent Atlantic Ocean. Color shading rep-
resents the major modern-day biomes in tropical South America (Olson et al., 2001)
(BF: Broad leaf forest; GS: Grassland and savannah; GSS: Grassland savannah and
shrub land; XS: Xeric shrub land). The Amazon basin is outlined by a black line.
Blue contour lines in the Atlantic Ocean represent sea surface salinity indicating
the northward flow of Amazonian freshwater (Sbrocco and Barber, 2013). The loca-
tion of core GeoB16224-1 is marked with a red triangle. The location of the other
paleoclimate records from the Cariaco basin (CB) (Deplazes et al., 2013), the Santi-
ago (SC) (Mosblech et al., 2012), El Condor (EC) (Cheng et al., 2013), Pacupahuain
(PC) (Kanner et al., 2012) and Paraiso (PA) (Wang et al.,, 2017) caves, and the Hill
of Six Lakes (HS) (Colinvaux et al., 1996) discussed in this study are marked with
blue squares. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

the late Pleistocene (Boot et al., 2006; Colinvaux et al., 1996;
Haberle and Maslin, 1999). These records are, however, controver-
sial due to their low temporal resolution, the presence of hiatuses
and the potential overprint by gallery forests (Behling et al., 2009;
D’Apolito et al., 2013). Meanwhile, phylogenetic studies have found
no evidence for increased speciation during the Pleistocene that
would have supported the refugia hypothesis (Hoorn et al., 2010;
Smith et al,, 2014). In western Amazonia, where biodiversity is
highest, various climate records showed humid conditions through
Pleistocene glaciations, indicating that species richness was rather
the consequence of long-term stability than of repeated vegeta-
tion shifts (Baker and Fritz, 2015; Cheng et al., 2013; Mosblech
et al, 2012; Smith et al., 2014). Nevertheless, the close rela-
tion of species inhabiting savannah regions to the north and
south of the lowland basin suggests the presence of temporary
dry corridors through lowland Amazonia (Behling et al., 2009;
Quijada-Mascarefias et al., 2007). Recently, a speleothem record
from Paraiso Cave in the eastern part of the lowland basin again
indicated drier glacial conditions leading to the conclusion that
changes in temperature, associated with variations in atmospheric
CO, were the dominant forcing mechanism controlling lowland
Amazonian hydrology (Wang et al., 2017). The millennial-scale hy-
drologic variability in this record has also led to speculation on the
potential impact of abrupt climate shifts on the former connection
of biomes north and south of the basin (Bush, 2017). However,
high-resolution vegetation records to confirm this link are lack-
ing. Moreover, it is unclear what forcing mechanisms are domi-
nant on a lowland basin-wide scale. This highlights the need for
proxy records reflecting the integrated lowland Amazonian vegeta-
tion and climate evolution.

Here we provide high-resolution plant-wax isotope records
from a marine sediment core collected offshore the Amazon River
(Fig. 1) to reconstruct the catchment-integrated vegetation and cli-
mate conditions in the lowland Amazon basin for the late Pleis-
tocene (50,000-12,800 yr before present). Plant-wax biomarkers
in the Amazon River predominantly originate from the lowland
basin and broadly reflect catchment-integrated signals (Hdggi et
al., 2016; Ponton et al., 2014). The stable hydrogen isotope com-

position of plant-waxes has been employed to reconstruct the iso-
topic composition of precipitation and thereby past precipitation
amounts in tropical areas (e.g. Schefuld et al., 2005; Tierney and
deMenocal, 2013; Tierney et al., 2008). The stable carbon isotope
composition of plant-waxes allows to differentiate between biomes
with dominant C3 or C4 vegetation and thus to study potential
savannah expansions in the past (Castafieda and Schouten, 2011).
Therefore, the isotopic plant-wax based approach allows us to per-
form climate and vegetation reconstructions that integrate changes
from spatially extensive areas in the lowland basin and circum-
vents the spatial limitations of previous records. Moreover, our
approach allows to independently assess changes in vegetation and
precipitation on the same compounds. Finally, we compare our pa-
leoclimate reconstructions to results from a fully coupled general
circulation model, which provide insight into processes controlling
regional hydroclimatic changes.

2. Materials and methods
2.1. Present-day climate conditions in the Amazon basin

In the lowland Amazon basin, mean annual precipitation varies
between 1500 and 3000 mm/yr and mean annual temperatures
reach values between 24 and 28 °C, while drier and cooler condi-
tions are found in the Andean sector of the basin (Hijmans et al.,
2005). With exception of some north-western parts of the Ama-
zon basin, which experience year-round precipitation, most of the
Amazon basin is subject to substantial seasonal precipitation vari-
ations. The highest precipitation amounts in the southern and cen-
tral Amazon basin are registered during the maximum of the South
American Monsoon, which peaks during austral summer in January
and leads to humid conditions over most of the basin (Garreaud
et al., 2009). During peak monsoonal conditions, large amounts of
humid air are transported by the South American Low-Level Jet
along the eastern slopes of the Andes to the south (Marengo et
al.,, 2004). Convection over the Amazon basin also connects to the
South Atlantic Convergence Zone over south-eastern Brazil, leading
to intense local precipitation (Carvalho et al, 2004). During bo-
real spring, convection moves northwards following the seasonal
insolation maximum until it reaches its northernmost position dur-
ing boreal summer. In July, precipitation takes mostly place in the
northern sector of the basin, where it is aligned with the position
of the Intertropical Convection Zone. During October, convection
again shifts southward and precipitation over the central Amazon
basin and in the South Atlantic Convergence Zone re-intensifies
(Garreaud et al., 2009).

2.2. Study area and sample material

Paleoenvironmental reconstructions for the Amazon basin pre-
sented in this study are based on sediment core GeoB16224-1
(6°39.38'N, 52°04.99’W; 760 cm core length; 2510 m water depth)
retrieved from the continental margin off French Guiana during
RV MS Merian cruise MSM20/3 in February 2012 (Mulitza et al.,
2013). While in the present-day sedimentological setting most of
the Amazonian freshwater and sediment is transported along the
continental shelf (Geyer et al., 1996), sedimentation during glacial
sea-level low stands took place on the continental margin (Damuth
and Flood, 1983). During glacial times, well-stratified sediment de-
posits formed on the continental margin off French Guyana and
represent high-resolution archives for paleoclimate reconstructions
(Loncke et al., 2009; Mulitza et al., 2013). A previous study on
GeoB16224-1 showed that the core site received continuous fine-
grained sedimentary input from the Amazon Plume from 50 kilo-
years (ka) before present (BP) until the end of the Bglling-Allerad
(12.8 ka BP) when rising sea levels shifted the main depositional
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area onto the shelf (Zhang et al., 2015). Using Nd isotopes Zhang
et al. (2015) also showed that alternative sources such as smaller
local rivers or Saharan dust import are unlikely to have influenced
sedimentation at the core site. Since there is no present-day sed-
imentation at the core site that could be used to describe mod-
ern conditions, we compared the down-core results to published
core-top data from GeoB16212-3 (3°06.27'N, 49°23.28'W; 75 m
water depth) from the Amazon shelf, where present-day deposi-
tion of Amazonian sediments is taking place (Hdggi et al., 2016;
Mulitza et al., 2013).

For this study, sediment samples for compound-specific §'3C
and 8D analyses of n-alkanes were collected in 4-cm intervals (i.e.
1 cm sample with 3 cm left in between) from GeoB16224-1, yield-
ing an average temporal resolution of approximately 250 yr. A total
of 180 samples with a dry weight between 8 and 18 g were col-
lected for proxy analysis.

2.3. Age model

To produce the age model for core GeoB16224-1, we used 15
14C AMS ages of planktonic foraminifera from Zhang et al. (2015).
Since there is a large gap in ages between 50 and 66 cm, sug-
gesting the presence of a hiatus, we did not use the upper 66 cm
of the core. In the radiocarbon-dated section of the core, the XRF
record from Zhang et al. (2015) shows distinct peaks during Hein-
rich Stadials. Since HS are also recorded in absolutely U/Th dated
speleothem records from the Amazonian Andes this allows to ex-
tend the age model of GeoB16224-1 beyond the radiocarbon limit
by correlating HS of the XRF record to the Andean speleothem
chronology (Supplementary Fig. S1). Hence, in the lowermost part
of the core, where radiocarbon dating reached the limits of its ap-
plicability, the age model was amended by tying the HS5 peak
in the XRF data (Zhang et al., 2015) to the absolutely U/Th dated
speleothem chronology of speleothem ELC-B from El Condor Cave
in the Amazonian Andes (Cheng et al.,, 2013). The age model was
established using Bayesian modeling conducted with the R-script
BACON (Blaauw and Christen, 2011). Calibrated '4C ages were
adapted from Zhang et al. (2015), where calibration was achieved
with the Marine13 calibration curve (Reimer et al., 2013). The er-
ror for the tie point to the speleothem U/Th chronology was used
without modification from Cheng et al. (2013). The BACON script
was applied with default parameters, except for acc.mean, which
was changed to 50 ycm~!, to more closely reflect the average
accumulation than the default setting of 20 ycm~!. 10,000 age-
depth relations generated with Bacon were used to calculate the
median age and the uncertainty envelope (Supplementary Fig. S2).
Values generated during the burn-in were excluded from consider-
ation.

2.4. Methodological approach

The isotope measurements presented in this study are based
on long-chain n-alkanes. These compounds are mostly produced
by leaves of vascular plants (Eglinton and Hamilton, 1967). In the
Amazon basin, there is also a minor petrogenic source for long-
chain n-alkanes on top of modern vegetation (Hdggi et al., 2016).
To monitor potentially large variations in the influx of petrogenic
and degraded n-alkanes, the relative abundance of these com-
pounds was analyzed. There are various factors that can influence
the relative abundance of compounds. Among others, large scale
variations in the input of petrogenic or degraded material to the
core site would likely manifest in major shifts in the relative abun-
dance of long-chain n-alkanes. To detect potential variations, two
different indices were applied. On the one hand, the average chain
length of the compounds with a chain-length between 27 and 33

carbon atoms (ACLy7_33, for formulas see Héggi et al., 2016) is in-
fluenced by petrogenic input or compounds from higher altitude
(Haggi et al., 2016; Feakins et al., 2016). On the other hand, the
carbon preference index (CPlyg_34) describing the ratio between
compounds of odd and even chain length can be used to trace de-
graded material (Cranwell, 1981). Even though these indices can-
not be used quantitatively, they would likely show a response if
large changes in the relative amount of petrogenic or degraded
material would occur throughout the record.

Previous studies showed that the source region of organic mat-
ter (Bouchez et al., 2014) and plant-waxes is distributed through-
out the lowland Amazon basin (Hdggi et al., 2016; Ponton et al.,
2014). This contrasts the dominant Andean sourcing of inorganic
sediments (Meade et al., 1985). Even though the source region of
plant-waxes can be constrained to the lowland basin, there is still
the possibility of a bias towards certain parts of the lowland basin,
especially the extensive floodplains. Since the present-day signal
at the Amazon estuary integrates compounds with varying isotope
composition from different regions (Hdggi et al., 2016), changes
in the source region could also have a considerable impact on
isotope variations in the record. Seasonal variations in plant-wax
composition have been shown to impact the plant-wax isotope
composition in the Andean headwaters (Ponton et al., 2014), but
seem to be leveled out during transport (Hdggi et al., 2016).

Studies using riverine sediment for the reconstruction of dom-
inant vegetation in river catchments are often regarded to be dis-
proportionally influenced by gallery forest that could mask savan-
nah contributions from the hinterland. Even though gallery forests
could lead to a bias in §'3C values towards forest vegetation, they
are unlikely to fully mask potential savannah contributions. In the
neighboring Parnaiba River basin, for instance, present-day vegeta-
tion features a mix of C3 and C4 species (Caatinga and Cerrado
vegetation types) (Pennington et al., 2000), with gallery forests
along the rivers. Data from marine core-tops offshore the Parnaiba
basin show a clear '3C enrichment (Higgi et al., 2016) and thus
indicate that a mixed C3/C4 vegetation in the hinterland leads to
a 13C enrichment in transported signals even in the presence of
gallery forests.

2.5. Lipid analysis

Lipid extraction and separation procedures followed the same
protocol as described in Hdggi et al. (2016). Quantification of
long-chain n-alkanes was achieved using a ThermoFisher Scien-
tific Focus gas chromatograph equipped with an Rxi-5 ms 30x
column (30 m, 0.25 mm, 0.25 pm) and a flame ionization detec-
tor. Compound-specific D analyses were conducted in duplicates
on a ThermoFisher Scientific MAT 253 isotope ratio mass spec-
trometer (IRMS) coupled via a GC Isolink operated at 1420°C to
a ThermoFisher Scientific Trace GC equipped with an HP-5ms col-
umn (30 m, 0.25 mm, 1 pm). §D compositions were measured
against calibrated Hy reference gas and precision was controlled
by external n-alkane standards of known isotopic composition
(chain length: nCyg-nCss; isotope composition —261 to —31%0).
The H3+ factor was determined daily and varied between 5.3 and
5.9 over the measurement period. Accuracy in each measurement
was controlled by an internal squalene standard (isotopic compo-
sition —180.3 = 2.3%). The deviation from the target value of the
internal squalene standard was —1.1 & 1.5%,. Compound-specific
stable carbon isotope analyses were carried out in duplicates on a
ThermoFisher Scientific MAT 252 isotope ratio mass spectrometer
coupled via a GCC combustion interface with a nickel catalyzer op-
erated at 1000°C to a ThermoFisher Scientific Trace GC equipped
with an HP-5ms column (30 m, 0.25 mm, 0.25 pm). §'3C val-
ues were calibrated against CO, reference gas of known isotopic
composition and precision was controlled by measuring n-alkane
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Fig. 2. Precipitation and vegetation reconstructions for lowland Amazonia and other hydroclimate records from tropical South America. (A) Intensity of the Atlantic meridional
overturning circulation (AMOC) as indicated by the Pa/Th ratio from the Bermuda rise (Henry et al., 2016; Lippold et al., 2012; McManus et al., 2004). (B) Color reflectance
from the Cariaco basin indicating the relative amount of terrestrial sediment input and the position of the tropical convection center in northern South America (Deplazes et
al., 2013). (C) 8'3C n-Cy9_31 of core GeoB16224-1 (this study). The core top value for GeoB16212-3 from the Amazon outflow is plotted on the left of the figure (Higgi et
al., 2016). (D) 8D n-Cy9-31 of core GeoB16224-1 (this study). The core top value for GeoB16212-3 from the Amazon outflow is given on the left of the figure (Hdggi et al.,
2016). (E) 8'80 data from Paraiso Cave (corrected for the ice volume effect) indicating the precipitation amount in the south-eastern Amazon basin (Wang et al., 2017). The
gray bar indicates the duration of marine isotope stage 2 (MIS2). The timing of Heinrich Stadials (HS) 1-5 and Greenland Stadial (GS) 11 is indicated with vertical dashed
lines. Blue triangles indicate the calibrated 'C AMS ages with 20 error bars from core GeoB16224-1 (Zhang et al., 2015). The orange triangle represents the tie point to the
U/Th dated El Condor speleothem record (Cheng et al., 2013). Shaded areas in the isotope records indicate the combined 20 uncertainty envelope of age and isotope values.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

standards of known isotopic composition (chain length: nCyg-nCsg;
isotope composition —33 to —19%) every six measurements. Ac-
curacy in each measurement was also controlled by the internal
squalene standard (isotopic composition: —19.72 + 0.18%). Here,
the deviation of the internal squalene standard from the target
value was —0.34 4 0.15%q.

2.6. Error estimation and ice volume correction

Error estimates for the isotope measurements are based on
the analysis of multiple standards interspersed between mea-
surements. To deduce the error of the isotope measurements,
the difference between standard and theoretical value (long-term
mean of the standard) was analyzed. For the stable hydrogen iso-
tope measurements, the standard mixture included compounds of
chain-length between 16 and 34 carbon atoms and squalane (a
total of 16 different compounds) and covered an isotopic range be-
tween —261 to —31%o. For the error estimation, the results of 228
standard runs each including 16 different components and thus a
total of 3648 isotope values were used. The difference between the
measured isotope value (8Dgtq measured) and the target value (6Dgq)
defined as

(1)

indicates that AéDgq follows a normal distribution with a standard
deviation of 1.9%. The error for §'3C measurements was analyzed

A5Dstd = 5Dstd measured — SDstd

analogously using the same standard solution covering isotope val-
ues between —33 and —19%. In the case of §13C measurements a
total of 3456 isotope values yielded a standard deviation of 0.20%.

To integrate the isotope measurement errors with the error of
the age model, 10,000 Monte Carlo proxy-time series realizations
based on the BACON-age model error and the isotope errors (i.e.,
a lo-error estimate of 1.9% for D and 0.20%c for §'3C) were
modeled. The reported error envelopes shown in the results are
thus representative of both the age and isotope measurement un-
certainty.

Due to the accumulation of the lighter hydrogen isotope ('H)
in continental ice sheets during the last glacial, the mean isotopic
composition of hydrogen in the rest of the global hydrological cy-
cle became more 2H-enriched (by 8%o on average) compared to
present-day conditions (Bintanja et al., 2005). This ice-volume ef-
fect was accounted for by applying the following ice volume cor-
rection (IVC) (Tierney and deMenocal, 2013):

1000 + 8Dwax
8 % 0.001 x §180j5pice + 1

— 1000 (2)

8 Dwax-IVC =

where §Dwax-lvc represents the ice volume corrected isotope val-
ues, 8Dyax the measured §D of plant-waxes and §80jsice the ef-
fect of ice volume on the benthic §'80 variation (Bintanja et al.,
2005). For reasons of comparability to our data, an analogous cor-
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rection was applied to the speleothem §'80 record shown in Fig. 2
(Wang et al., 2017).

2.7. Climate model simulations

A detailed description of the numerical climate model setup
and experimental design is given in Merkel et al. (2010). Here
we provide a short description of the conducted experiments. We
used the fully-coupled general circulation model CCSM3 (Commu-
nity Climate System Model version 3; Collins et al., 2006). In our
experiments, the atmospheric component has a 3.75° (T31) hori-
zontal resolution with 26 layers in the vertical and is coupled to
an ocean model with nominal 3° horizontal resolution and 25 lev-
els (Yeager et al., 2006). For the different experiments, boundary
conditions for the pre-industrial, the Last Glacial Maximum (LGM),
and the 35 ka time slice (MIS3) were applied. These boundary
conditions take atmospheric greenhouse gas concentrations, ice-
sheet configurations, astronomical parameters, and land-sea dis-
tribution due to sea level changes into account. Pre-industrial and
LGM boundary conditions follow the guidelines of the Paleoclimate
Modeling Intercomparison Project phase 2 (Braconnot et al., 2007).
The performed HS1 experiment uses the LGM setup with an ad-
ditional constant freshwater hosing of 0.2 Sv (1 Sv = 10% m3/s)
into the northern North Atlantic to disturb the Atlantic Meridional
Overturning Circulation (AMOC). A smaller and negative freshwa-
ter forcing (—0.1 Sv) was applied to the MIS3 simulation in order
to obtain two different MIS3 climate states, a weak-AMOC stadial
(MIS3 ST) and a strong-AMOC interstadial (MIS3 IST) state. All sim-
ulations were run into quasi-equilibria and long-term means were
used for the analysis of climate variables. The AMOC strengths (as
measured by the Atlantic overturning stream function at 25°S) in
these experiments are 11.6 (pre-industrial), 2.7 (HS1), 10.1 (LGM),
6.6 (MIS3 ST), and 14.1 Sv (MIS3 IST).

For this study we analyzed the different factors controlling pre-
cipitation change in the Amazon basin. To that end, mean pre-
cipitation, total precipitable water (i.e., column-integrated water
vapor) and the intensity of tropospheric vertical velocity at the
500 hPa level (w500) were averaged over the Amazon region
(72°W to 48°W; 12°S to 3°N). Tropospheric vertical velocity corre-
lates with convective mass flux and was used to infer the influence
of changes in convection on precipitation in the Amazon basin
(Vecchi and Soden, 2007).

3. Results

The analysis of long-chain n-alkanes in GeoB16224-1 showed
that the concentrations of the dominant long-chain Cy9 and Cs3
n-alkanes varied between 0.1 and 0.7 pg/g dry sediment. The rel-
ative abundance of different n-alkane compounds as indicated by
ACLy7_33 and CPlyg_34 ratios remained stable throughout the en-
tire record. ACLy7_33 values varied between 29.8 and 30.4, while
CPl6-34 values were between 3.4 and 5.7 (Supplementary Fig. S3).

Our vegetation reconstruction based on the §3C of n-Cp9 and
n-Cs; alkanes (8'3C n-Cyg-31) shows values between —31.5%0 and
—34%0 vs. VPDB (Fig. 2c, Supplementary Fig. S4b). The most de-
pleted values of —34% are found during the Last Glacial Maximum
(LGM) and in the period before 45 ka BP. There is a small long-
term trend to more enriched values of around —32.5%o from 45 to
42 ka BP and a trend back towards more depleted values from
38 to 20 ka BP. Compared to the modern values found in the
core-top of GeoB16212-3 (Higgi et al., 2016), most of the §13C
n-Cyg_31 record is similar or only slightly more enriched suggest-
ing that lowland Amazonia remained largely forest covered from
50 to 12.8 ka BP (Fig. 2c). The most enriched 813C n-Cyg_31 values
in our record are found in distinct peaks of up to —31.5%. coincid-
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Fig. 3. Relative changes in modeled precipitation, convection and total precipitable
water over the Amazon basin (72°W to 48°W; 12°S to 3°N). Bar-charts for each
time slice (i.e., Heinrich Stadial 1 (HS1), the Last Glacial Maximum (LGM) and
marine isotope stage 3 stadial (MIS3 ST) and interstadial (MIS3 IST) conditions at
35 ka BP) represent relative changes (in %) with respect to pre-industrial (PI) condi-
tions for simulated precipitation, atmospheric vertical velocity at the 500 hPa level
(w500) and total precipitable water averaged over the Amazon basin. Total precip-
itable water is used as an indicator of atmospheric moisture content, while w500
is used as a measure for convection intensity. Model results are long-term annual
means based on the last 100 yr of each simulation (Merkel et al., 2010).

ing with HS 1-4 and likely coinciding with Greenland Stadial 11
(Fig. 2c).

The average 8D for the dominant n-Cyg9 and n-C3; n-alkanes
corrected for ice-volume changes (§D n-Cyg_37) found in core
GeoB16224-1 during marine isotope stage (MIS) 3 shows values
similar to the core-top from GeoB16212-3 (—155%0 vs. VSMOW)
(Fig. 2d, Supplementary Fig. S4) (Hdggi et al., 2016). Towards the
LGM there is a gradual enrichment of 15%c. During the deglacia-
tion, 8D n-Cy9_31 became again more depleted. On millennial time-
scales, the D record shows only limited variability.

The CCSM3 experiments show that precipitation amounts over
the Amazon Basin were lower during the HS1 and LGM time
slices compared to the pre-industrial, while the MIS3 stadial and
interstadial time-slices show conditions comparable to the pre-
industrial. Precipitable water over the Amazon was consistently
lower during all the late Pleistocene time-slices compared to pre-
industrial (Fig. 3). Vertical atmospheric velocity at the 500 hPa
level, used as a measure for convection, was weaker compared
to the pre-industrial during the HS1 and LGM time-slices and
stronger during MIS3 stadial and interstadial conditions.

4. Discussion
4.1. Reconstruction of Amazonian vegetation

Since the CPlyg_34 and ACLy7_33 values found in GeoB16224-1
show only little variability, the degree of degradation of n-alkanes
seems to be rather constant throughout the record. The input of
petrogenic material cannot be ruled out completely, but seems at
least to be stable over the entire record and thus not responsible
for the variability in our isotope records. As we do not find any
indication for variations in petrogenic input, we interpret shifts in
n-alkane isotope composition as a vegetation-derived signal from
the Amazon basin.

Our vegetation reconstruction based on the §13C n-Cy9_3; shows
only minor variability for most of the record with values that are
in the range of modern core-top sediment from the Amazon shelf
(GeoB16212-3; Higgi et al.,, 2016). Thus, our §3C record indicates
that most of the Amazon basin remained forest covered during the
late Pleistocene. Maximal enrichment in 8'3C n-Cyg_3; occurred
during HS and showed values of up to —31.5%0 (Fig. 2c). A shift
to full C4 vegetation would have led to values around —22%o
(Castafieda and Schouten, 2011). However, South American Cerrado
and Caatinga vegetation types do not exclusively feature C4 vege-
tation and represent a mix of C3 and C4 plants (Pennington et al.,
2000). Therefore, a shift to full C4 vegetation is not to be expected,
even if the Amazon rainforest would have been fully replaced with
South American savannah types. A shift to a mixed vegetation
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with savannah and gallery forests as found today in north-eastern
Brazil would have led to more enriched values between —27%. and
—29%0 (Haggi et al., 2016). Since the most enriched values during
HS are intermediate between the present-day Amazon rainforest
and northeastern Brazil, they indicate only a partial replacement
of the Amazon rainforest by mixed vegetation types or savannah
during HS.

Apart from a shift towards more C4 vegetation, the 13C enrich-
ment found during HS could also be the consequence of variations
in the canopy effect and shifts to C3 species with better water
use efficiency and lower stomatal conductance (Diefendorf et al.,
2010). The canopy effect describes the observation that §'3C val-
ues in dense forest systems can show very depleted values due to
the uptake of recycled CO, from degraded biomass on the forest
floor (van der Merwe and Medina, 1991). Since a decrease in the
canopy effect due to a more open forest vegetation and shifts in
the C3 species composition towards better adaptation to drier con-
ditions would both lead to more enriched values, they would act
in the same direction as shifts from C3 to C4 vegetation types.

The maxima in more open vegetation types potentially featur-
ing C4 vegetation occurrence were most likely caused by south-
ward shifts of the tropical convection center evident in climate
records from northern South America (Cariaco basin) (Deplazes et
al,, 2013) and parts of the Amazon basin south of the equator
(Cheng et al., 2013; Kanner et al., 2012; Mosblech et al., 2012;
Wang et al., 2017) (Fig. 2b, e). The southward shift of the tropical
convection center in turn is related to a slowdown in the Atlantic
Meridional Overturning Circulation (AMOC) (Fig. 2a) (McManus et
al,, 2004; Lippold et al, 2012; Henry et al, 2016). As a conse-
quence of a southward shift of the convection center, savannah
expansion most likely occurred in the northern sector of the Ama-
zon basin.

Our finding of rapid vegetation shifts in the northern Amazon
Basin is also in line with the vegetation response to millennial-
scale climate variability observed in sediment cores from the Cari-
aco basin (Hughen et al., 2004). Due to a southward shift of the
tropical rain belt, there was likely forest expansion in the savan-
nah regions southeast of the basin. In part, this forest expansion
took place outside the Amazon basin (i.e., in northeastern Brazil;
Dupont et al, 2010) and did therefore not influence our Ama-
zonian record. The conclusion that the §3C n-Cy9_3; enrichment
during HS represents savannah expansion in the north of the Ama-
zon basin is corroborated by the timing of events during HST.
During HS1, the 13C enrichment peaks at 15.5 ka BP and coin-
cides with the maximal southward displacement of the tropical
rain belt over northern South America (Deplazes et al., 2013) (Sup-
plementary Fig. S5c, d), while precipitation shifts in the Andean
and lowland speleothem records influenced by the South American
Summer Monsoon already started at 18 ka BP (Cheng et al., 2013;
Wang et al., 2017; Mosblech et al., 2012) (Supplementary Fig. S5a).
Likewise, the increase in the Fe/Ca ratio in GeoB16224-1 also takes
place at 18 ka BP indicating enhanced Andean sediment input
(Supplementary Fig. S5b, Zhang et al., 2015). The Fe/Ca ratio de-
clines again at around 16 ka BP in step with Andean speleothem
records when the Cariaco basin features the driest conditions (Sup-
plementary Fig. S5a, b, ¢). The timing of events during HS1 thus
indicates that the shifts in §'3C n-Cyg_3; are not in direct connec-
tion with a precipitation increase in the Andes that may carry an
enhanced amount of petrogenic compounds or compounds from
higher altitude regions that also would show '3C enrichment. Even
though petrogenic material does not seem to be a dominant factor
influencing our records, pre-aged material could potentially exert a
minor influence.

Apart from the short-term vegetation variability there is also
a small long-term trend between 45 and 20 ka BP visible in
the 813C n-Cyg_31 record. This potentially reflects a development

similar as in the Cariaco basin record that also shows some of
the driest periods around HS4 (Fig. 2a). Alternatively, the long-
term trend could be influenced by shifts in savannah vegeta-
tion in the southern sector of the Amazon basin (Absy, 1991;
Mayle et al., 2000).

4.2. Reconstruction of Amazonian hydroclimate

While the amount effect presents one of the dominant factors
controlling the isotope composition of precipitation in the Amazon
basin, further effects have to be considered in the interpretation
of 8D variations, especially in the western parts of the Amazon
basin (Brienen et al.,, 2012; Lee et al., 2009; Vuille et al., 2003;
Wang et al,, 2017). Changes in temperature, precipitation season-
ality and moisture trajectory and source may also influence the
isotope composition of precipitation (Lee et al., 2009; Vuille et al.,
2003). Furthermore, variations in moisture recycling in the Ama-
zon rainforest have also been noted to lead to variations in the
isotope composition of precipitation in the western parts of the
basin (Wang et al., 2017). While there were only limited varia-
tions in temperature in tropical South America from MIS2 to MIS3
(Jaeschke et al., 2007), changes in isotopic gradient, precipitation
seasonality, moisture trajectory and moisture source are hard to
constrain.

Despite the fact that §D of long-chain n-alkanes is mainly in-
fluenced by the §D of meteoric water, secondary effects might
also contribute (Sachse et al., 2012). In arid regions, the D of
plant-waxes is reported to be additionally controlled by evapotran-
spirative enrichment of soil and leaf waters (Feakins and Sessions,
2010). Different vegetation types also show a wide range of frac-
tionation factors (Sachse et al., 2012). Since our data shows that
forest cover persisted throughout the late Pleistocene, evapotran-
spirative enrichment and changes in vegetation cover likely did
not play a dominant role in defining the 6D of plant-waxes in the
Amazon rainforest. Even if small-scale evapotranspirative enrich-
ment and shifts towards more open vegetation had occurred, this
would have enhanced the isotopic enrichment caused by the lower
precipitation amount and thus acted in the same direction as the
amount effect. Since §'3C values are relatively stable and variabil-
ity in the 813C and 8D records takes place on different time-scales,
we do not expect variations in vegetation to be the dominant fac-
tor influencing our 8D record.

Given that the 8D of precipitation in the eastern sector is more
D-enriched than in the western sector of the Amazon basin, more
enriched values in our 8D record could indicate an enhanced in-
put of plant-waxes from the eastern sector of the basin. How-
ever, such an interpretation of our record is at odds with pre-
vious studies which indicate that precipitation in the Andes was
high during the LGM (Cheng et al, 2013; Kanner et al., 2012;
Mosblech et al., 2012). An enhanced input of material from the
western part of the basin would have resulted in an increased
input of more isotopically depleted compounds, which would con-
tradict the more enriched isotope values in our §D record. Like-
wise, climate records from the eastern portion of the Amazon
rainforest show dry conditions during the LGM (Absy, 1991; Wang
et al., 2017), which makes an enhanced input of isotopically en-
riched compounds from the eastern basin unlikely. Apart from that,
changes in vegetation could also lead to biases of material from
certain regions. For instance, there could be less material from
regions affected by savannah expansion, which would potentially
lead to an underrepresentation of these regions in both the §13C
and §D records.

Overall, changes in moisture trajectory, seasonality and isotopic
gradient over the basin are the most likely factors to influence the
8D n-Cyg_31 data besides the dominant amount effect. Secondary
effects during plant-wax synthesis would likely act in the same di-
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rection and thus amplify the amount effect signal, while changes
in source area due to vegetation changes would potentially lead
to an underestimation of the magnitude of vegetation variability.
Since it is not possible to quantitatively disentangle the influence
of the amount effect and possible changes in moisture trajectory,
seasonality and variations in the isotope gradient on the §D data,
we interpret the shifts in §D n-Cyg_31 to reflect qualitative changes
in precipitation amount, moisture transport and isotopic gradient.
The dominant long-term 8D n-Cyg_37 trend from more depleted
values during MIS3 to more enriched values during MIS2 thus sug-
gests that there were distinct precipitation and circulation changes
taking place from MIS3 to MIS2. The more enriched values dur-
ing MIS2 are indicative of more arid conditions, but could also be
influenced by changes in moisture trajectory and isotope gradient
that took place on the same time-scale and were potentially inter-
dependent with precipitation changes.

The timing of the trend in our 8D n-Cyg_31 record indi-
cates a dominant glacial forcing of lowland Amazonian hydrology.
Millennial-scale variations appear to be muted, in contrast to the
813C n-Cyg.31 record (Fig. 2c). In the 8D n-Cyg.37 record, dry-
ing in the north was likely offset by wetter conditions in the
southern and western sectors of the basin (Kanner et al., 2012;
Wang et al., 2017). Since proxy records to the north and the south
of the South American tropical rain belt show little variation from
MIS3 to MIS2, a meridional movement of the convection center is
unlikely to be the cause for the long-term pattern (Deplazes et al.,
2013).

Changes in both precipitation and circulation from MIS3 to
MIS2 are supported by our model results. Based on the model
output, we suggest that LGM rainfall reduction was caused by a
combination of reduced atmospheric water vapor, decreasing the
available moisture supply, and dynamical circulation change associ-
ated with reduced convective mass flux. The climate model results
show a decrease of total precipitable water, i.e., column-integrated
water vapor, for all late Pleistocene time-slices compared to the
pre-industrial (Fig. 3). This is primarily controlled by a sea-surface
temperature decrease and the reduced moisture-holding capacity
of colder air (Chadwick et al., 2016). The intensity of vertical veloc-
ity at the 500 hPa level used as a measure for convective mass flux
only decreased during HS1 and the LGM but increased during MIS3
leading to precipitation amounts comparable to the pre-industrial
despite the drier air masses (Fig. 3). The weaker (stronger) vertical
motion during MIS2 (MIS3) was likely related to the different ice-
sheet heights during MIS3 and MIS2 which both induced a high-
to-low latitude upper-tropospheric wave-like zonal wind anomaly
pattern, but of opposite signs over the Amazon basin, thereby in-
terfering with regional circulation in suppressing enhancing (MIS3)
or suppressing (MIS2) convection. The finding that tropical convec-
tion decreased only during the glacial maximum conditions is in
line with a suggested non-linear effect of changes in ice sheet to-
pography on tropical precipitation (Lee et al., 2014). Furthermore,
the conclusion of drier LGM conditions in our model is supported
by previous regional model studies for the Amazon basin (e.g. Vizy
and Cook, 2007).

4.3. Synthesis and comparison to existing paleoclimate records

Remarkably, the §13C n-Cy9_31 and 8D n-Cyg_3; records show
distinctly different modes of variability. While §'3C n-Cpg9_31 shows
distinct short-term variability, the D n-Cy9_31 record mainly fea-
tures orbital time-scale variability with little short-term changes.
Since both isotope measurements were conducted on the same
compounds, this difference cannot be explained by different source
regions but is rather a consequence of different factors reflected
by each proxy. While the §13C n-Cyg_37 reconstructions represent
regional precipitation or humidity thresholds below which more

open vegetation types expand, the §D n-Cg_31 reconstructions re-
flect continuous changes in basin-wide hydrology. Hence, the dis-
crepancy of the two records can be explained by the rationale that
regional expansion of more open vegetation types occurred in re-
gions below a certain precipitation or humidity threshold, while
in the rest of the basin the vegetation remained stable and did
hence not influence §13Cp9_31, even if precipitation increased. Con-
versely, the D n-Cyg_31 record is influenced by linear changes in
precipitation 8D values throughout the basin and decreased pre-
cipitation amounts in the north during HS were offset by increases
in the south of the basin. As a consequence, the §'3C record is
much more susceptible to regional variations than the §D record
in which regional variations are leveled out on a basin-wide scale.

Our combined vegetation and precipitation reconstructions thus
indicate that the basin-averaged LGM drying was insufficient to
cause large-scale replacement of forest by savannah vegetation.
This confirms earlier suggestions about the resilience of Amazo-
nian vegetation towards drier climate (Bush, 2017; Colinvaux et
al., 1996; Haberle and Maslin, 1999; Wang et al., 2017). Our re-
sults further suggest that the most pronounced expansion of C4
vegetation took place during Heinrich Stadials due to local aridity
in the northern sectors of the Amazon basin. This drying in the
northern sector of the basin during HS contrasts the more humid
conditions found in the southern sector (e.g. Wang et al., 2017;
Mosblech et al., 2012). Since the more humid conditions in the
south could not lead to a large-scale increase in the already
present forest vegetation, they did not compensate for the en-
richment in our §'3C record. Major forest expansion was indeed
taking place in tropical South America during HS, but was proba-
bly occurring largely in regions outside the Amazon basin such as
north-eastern Brazil (Hessler et al., 2010; Dupont et al., 2010).

The inference of a dominant glacial forcing in controlling the
lowland Amazonian climate broadly confirms the findings from
the Paraiso §'80 record, which is so far the only lowland iso-
tope record from the Amazon Basin (Wang et al., 2017). There are,
however, several differences between the Paraiso 5§80 record and
our isotope records. If corrected for global ice volume changes, the
baseline in the Paraiso record is relatively stable with a shift of
0.5%0 from MIS3 to MIS2, and shows millennial-scale variability
during Greenland Stadials (Wang et al., 2017) (Fig. 2e). In contrast,
we find that conditions during MIS3 in our 8§D record were more
humid than during MIS2 (Fig. 2d). This suggests that there are ad-
ditional factors which complement the temperature forcing of the
lowland Amazonian hydrology deduced from the Paraiso record
(Wang et al., 2017). Our results indicate that dynamic processes
such as atmospheric circulation anomalies induced by ice sheet to-
pography play an important role for the late Pleistocene climate
evolution in lowland Amazonia.

Our suggestion that conditions during MIS3 were more hu-
mid than during MIS2 is supported by lake and geomorphological
records from the lowland Amazon basin (D’Apolito et al., 2013;
van der Hammen et al., 1992). The recent re-analysis of the lake
records from the Hill of Six Lakes suggests that precipitation
amounts were lowest during the LGM (D’Apolito et al., 2013), sim-
ilar to lake records from the south-eastern and north-eastern parts
of the basin (Absy, 1991; Colinvaux et al., 2001). The analysis and
dating of river terraces from the northern and western parts of the
basin also suggests that the driest conditions in lowland Amazonia
were limited to the glacial maximum (Latrubesse and Franzinelli,
2005; van der Hammen et al., 1992).

Climate patterns with humid conditions during MIS3 and dry-
ing during the LGM have also been reported from the other
major centers of tropical deep convection in Africa (Lake Tan-
ganyika) and Indonesia (Lake Towuti) (Fig. 4) (Russell et al., 2014;
Tierney et al, 2008). In both records, long-term variability dis-
plays a pattern similar to our 8D n-Cpg_37 reconstruction, while
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Fig. 4. Comparison to records from other tropical convection centers. (A) Atmo-
spheric §'80 from the Siple Dome (Severinghaus et al., 2009), reflecting the strength
of the Dole effect (i.e., primary productivity in monsoonal regions and the tropics).
(B) 8D of nCy9 and nCsq n-alkanes from lowland Amazonia (this study). (C) éD of
the Cag n-carboxylic acid from Lake Tanganyika (Tierney et al., 2008). (D) §'3C of the
Ca6, Cg, and C3p n-carboxylic acids from Lake Towuti, Sulawesi, indicating large-
scale savannah expansion during the Last Glacial Maximum (Russell et al., 2014).

millennial-scale variability is only distinctly visible in the Lake
Tanganyika record. This suggests a non-linear response of climate
variability to global ice sheet evolution in all major centers of deep
tropical convection (Russell et al., 2014). The drier LGM condi-
tions in the centers of deep tropical convection have likely led to
a reduction in primary productivity and thus a reduction the Dole
effect, which contributed to the LGM enrichment in atmospheric
8180 (Severinghaus et al., 2009).

In terms of biodiversity, the limited savannah expansions we
observed during HS probably lasted not long enough to lead to
speciation as suggested by the refugia hypothesis (Haffer, 1969). In
contrast, it is conceivable that shifts in vegetation cover during HS
led to the connection of otherwise separated biomes (Bush, 2017).
Phylogenetic and biogeographic studies suggest that the savannah
regions to the north and the south of the Amazon basin were re-
peatedly connected during the Pleistocene (Behling et al., 2009;
Da Silva and Bates, 2002; Quijada-Mascarefias et al., 2007). Geo-
graphically, the expansion of C4 biomes likely took place in the
north-eastern parts of the basin, where a long recognized dry cor-
ridor exists under present-day conditions (Behling et al., 2009).
We suggest that the opening of migration routes through this dry
corridor was influenced by vegetation shifts during HS and was
therefore potentially subject to millennial-scale climate variability
(Bush, 2017). This may not necessarily have led to a continuous
connection, but could have provided stepwise migration routes
along savannah patches in the Amazonian interior.

5. Conclusions

Our study shows that the hydrological changes in the lowland
Amazon basin are controlled by glacial climate variability. Drying
during glacials did, however, not lead to large-scale C4 vegetation
expansion. Our study thus supports the hypothesis that Amazonian
biodiversity is not a result of forest refugia during glacial droughts,

but was rather favored by stable climatic and environmental con-
ditions (Behling et al., 2009; Cheng et al., 2013; Hoorn et al., 2010;
Smith et al., 2014). Our finding that the most pronounced C3 to C4
vegetation shifts were associated with HS opens new perspectives
in understanding the connection of biomes in the Neotropics.

Concerning the future development of Amazonian vegetation
and precipitation, our results suggest that a temperature increase
due to current global warming would lead to an overall increased
influx of humidity to the Amazon basin and thus to overall po-
tentially larger amounts of precipitation (Gloor et al., 2015). While
the Amazon rainforest seems to be stable towards large-scale dry-
ing over the lowland basin, meridional displacement of the tropical
rain belt led to the most pronounced shifts in vegetation. A north-
ward shift of the tropical rain belt due to more pronounced warm-
ing in the northern hemisphere (Friedman et al., 2013) would thus
suggest potential savannah expansion in the south of the basin,
where, in addition, large-scale deforestation takes place.
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